The aim of the study was to evaluate dynamic contrast-enhanced breast magnetic resonance imaging (DCE-MRI) features for the prediction of early and late recurrences in patients with breast cancer.
Introduction
Breast cancer is one of the most common causes of cancer-related death in women worldwide. [1] Despite advances in early diagnosis, treatment, and biomarker identification of this cancer, ∼20% to 30% of breast cancer patients experience recurrence and substantially worse overall survival. [2, 3] Therefore, it is critical to identify risk factors that can predict breast cancer recurrence.
Angiogenesis is a requirement of neoplastic growth, progression, and metastasis. For breast cancer, contrast-enhanced breast magnetic resonance imaging (MRI) is a good imaging modality to depict tumor angiogenesis because the contrast enhancement pattern of the tumor correlates with microvessel density characteristic of tumor angiogenesis. [4, 5] In addition, dynamic contrast-enhanced MRI (DCE-MRI) features such as peripheral rim enhancement, faster enhancement, and washout curve type are correlated with overall recurrence and overall survival of breast cancer patients. [6, 7] Determining predictive factors for early and late recurrences of breast cancer has become increasingly important, considering that ∼70% of early recurrence occurs within 3 years of diagnosis and patients with early recurrence experience shorter median survival and more aggressive course than those with late recurrence. [8] Additionally, understanding when breast cancer may recur has relevance for clinicians in selecting adjuvant treatment options. [8] [9] [10] For example, in estrogen receptor (ER)-positive breast cancers, which are associated with late recurrence, selection of tamoxifen-aromatase inhibitor therapy as adjuvant endocrine therapy can improve disease-free survival and overall survival. [11] Patients with breast cancer showing features associated with early recurrence would require chemotherapy. [12] Previous studies have found that clinicopathologic factors such as N stage, histologic grade, nuclear grade, p53, Ki-67, human epidermal growth factor receptor 2 (HER-2), and ER are associated with the time of recurrence. [13, 14] To the best of our knowledge, however, DCE-MRI features associated with the timing of breast cancer recurrence have not yet been investigated.
The aim of the current study was to evaluate DCE-MRI features for the prediction of early and late recurrences in patients with breast cancer. We hypothesized that identifying DCE-MRI features predictive of early and late recurrence may help clinicians establish protocol for follow-up and predict prognosis in patients with recurrent breast cancers even before surgery.
Materials and methods

Study population
This retrospective study was approved by the institutional review board of our hospital, and the requirement for informed consent was waived. From January 2007 to July 2011, 1030 consecutive women underwent completion of curative surgery for breast cancer at our hospital. After surgery, adjuvant therapy such as radiation therapy, chemotherapy, or hormonal therapy was administered according to the patient's condition and clinical and molecular characteristics of the tumor. Among this population, a total of 602 women were enrolled in this study (Fig. 1) . The inclusion criteria were as follows: (a) patients had pathologically confirmed breast cancer; (b) patients had no history of cancer in the breast or at any other site; (c) patients had preoperative breast MR imaging available; and (d) patients had no distant metastasis at the time of diagnosis. The remaining 428 women who underwent excisional or vacuum-assisted biopsy prior to preoperative MR imaging (n = 163), had received neoadjuvant chemotherapy (n = 92), had clinical or pathological T4 cancer (n = 81), or were lost to follow-up (n = 92) were excluded from this study.
Breast cancer recurrence was defined as either loco-regional (limited to the ipsilateral breast or chest wall and/or axillary, infraclavicular, or supraclavicular lymph nodes) or distant (metastasis to other parts of the body). Follow-up was scheduled every 6 months during the first 2 years after surgery and annually beginning the third year as part of the routine clinical standard of care at our institution. All patients were examined via bilateral mammography and bilateral whole-breast ultrasonography using hand-held ultrasound for the surveillance of loco-regional recurrence. Chest radiography, chest computed tomography, bone scan, and/or whole-body fluorine 18 fluorodeoxyglucose positron emission tomography were performed for the surveillance of distant metastases. Once lesions suspicious for recurrence were detected on the follow-up imaging, fine-needle aspiration, core needle biopsy, vacuum-assisted biopsy, or excisional biopsy was performed to confirm the recurrence. If no histopathological result was obtained, follow-up imaging was performed to evaluate interval growth or additional lesions suspicious for recurrence.
Breast MRI examination technique
All breast MRI examinations were performed using a 1.5-T system (Symphony; Siemens Healthcare, Erlangen, Germany) with a dedicated breast coil. Fat-suppressed T2-weighted spinecho sagittal images were obtained by using the following image parameters: repetition time ms/echo time ms, 2900/150; matrix, followed by a 20-mL saline flush at an injection rate of 3 mL/s using an automatic injector. Standard subtraction images were obtained by subtracting the precontrast images from the second dynamic series (or early peak) of postcontrast images on a pixelby-pixel basis. In addition, maximum-intensity-projection reconstructions were applied to the subtraction images.
Breast MRI analysis
Two radiologists with 3 and 5 years of experience in breast MR imaging blinded to clinical information other than breast cancer independently reviewed DCE-MRI of the index lesion on a picture archiving and communication system workstation monitor (m-view; Marotech, Seoul, South Korea). In patients with multifocal or multicentric disease, the largest focus/center was evaluated. The radiologists analyzed background parenchymal enhancement (BPE) (minimal/mild or moderate/marked) and internal enhancement (nonrim or rim) of the index cancer according to the second edition of Breast Imaging Reporting and Data System (BI-RADS) MRI lexicon. [15] For adjacent vessel signs on subtracted images, the presence of vessels either entering the enhancing lesion or in contact with the lesion edge was accepted as a positive adjacent vessel sign. [16] Whole-breast vascularity of the ipsilateral breast with cancer was compared with that of the contralateral breast at each maximum-intensityprojection images on the basis of the number of vessels that were 3 cm or longer in length and 2 mm or larger in maximal transverse diameter. [17] The degree of vascularity difference was classified as "prominent" if the number of vessels in the ipsilateral breast was 3 or more than that of the contralateral breast; "moderate" if higher by 2; "mild" if higher by 1; and "not increased" if the number of vessels in the ipsilateral breast was the same as or lower than that of the contralateral breast. [18] Time-intensity curves of index cancers were retrospectively generated by each radiologist with dedicated DCE-MRI software (Mean curve: Siemens Healthcare, Erlangen, Germany). A region of interest (ROI) was placed on the fastest-enhancing area or the area showing the most suspicious washout curve pattern of the lesion. For kinetic curve assessment, the initial enhancement pattern and kinetic curve pattern were classified as slow, medium, or rapid and as persistent, plateau, or washout, respectively. [15] In cases in which there was discordance between the radiologists' assessments of DCE-MRI features of BPE, internal enhancement, adjacent vessel sign, whole-breast vascularity, and kinetic curve pattern, consensus was reached.
Quantitative kinetic parameters were derived from timeintensity curve images. For each curve, the initial enhancement percentage (E1), peak enhancement percentage (E peak ), and time to peak enhancement (TTP) were measured as follows: [19] E 1 = 100Â(S 1 -S 0 )/S 0 , E peak = 100 Â (S peak -S 0 )/S 0 , where E1 is the initial percentage enhancement, E peak is the peak percentage enhancement, S 1 is the signal intensity in the ROI at the first contrast-enhanced point, S peak is the peak signal intensity, and S 0 is the unenhanced signal intensity in the ROI. Time to peak enhancement is the time in seconds between injection of contrast material and the peak of the signal intensity-time curve. The signal enhancement ratio (SER) was calculated as a measure of washout as follows: [20] 
, where S last is the signal intensity in the ROI at the last point of contrast enhancement.
Clinico-pathologic features
After review of patient medical records, we compiled data on patient age, tumor staging, axillary node status, histologic grade, nuclear grade, existence of lymphovascular invasion and an extensive intraductal carcinoma component, and ER, progesterone receptor (PR), Ki-67, HER-2, p53, and cytokeratin-5 expression. ER and PR positivity was defined as the presence of 10% or more positively stained nuclei in 10 high-power fields. Ki-67 labeling was defined as negative (<14%) or positive (≥14%). The intensity of HER-2 staining was semiquantitatively scored as 0, 1 +, 2 +, or 3 +. Tumors with a 3 + score were classified as HER-2-positive and tumors with a 0 or 1+ score were classified as HER-2-negative. In tumors with a 2+ score, gene amplification with fluorescence in situ hybridization was used to determine HER-2 status. HER-2 expression was considered positive if the ratio of HER-2 gene chromosome 17 signals was >2.2. The molecular subtype of the tumor was classified into luminal (hormonal receptor positive and HER-2 negative), triple negative (normal receptor negative and HER-2 negative), and HER-2 enriched (HER-2 positive).
Breast cancer recurrence
The medical records of all patients were reviewed to document early and late recurrence of breast cancer. Recurrence time was calculated from the date of surgery to the date of first recurrence diagnosis. Patients with recurrence were divided into 2 groups according to the time of recurrence: early ( 2.5 years after surgery) and late (>2.5 years after surgery). The cut-off of 2.5 years was selected for stratification because it is widely recognized that the peak time to recurrence for breast cancer is 2 to 3 years after diagnosis [21, 22] Figure 2. The annual recurrence hazard rate for 602 breast cancer patients.
The hazard rates described demonstrate hazard of recurrence for each 1-year interval.
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Statistical analysis
The demographic characteristics was compared between the group of loss to follow-up (n = 92) and the enrolled group (n = 602). To compare DCE-MRI and clinico-pathologic features between early and late recurrence and clinicopathologic features between the group of loss to follow-up and the enrolled group, x 2 or Fisher's exact test was used for categorical variables and the Wilcoxon signed rank test was used for continuous variables. The recurrence hazard rate was calculated by a kernel smoothing method utilizing the Nelson--Aalen estimates. Recurrence-free survival was measured from the date of surgery to the earliest date of recurrence. All observations of patients without cancer recurrence were censored on the date of the last follow-up or the date of nonbreast cancer death. Univariate analysis was performed to compare DCE-MRI and clinico-pathologic features between no recurrence and early or late recurrence groups using the logrank test. Univariate and multivariate Cox proportional hazard regression analyses were performed to evaluate independent risk factors for disease progression. All continuous covariates except age were logarithmically transformed to minimize the influence of extreme observations. Variables with P values < 0.2 on univariate analysis were entered as input variables for multivariate models. The area under the receiver operating characteristic (ROC) curves (AUC) was calculated to measure and compare the predictability of recurrence using DCE-MRI features and clinico-pathologic factors selected in multivariate analyses. All statistical analyses were performed using SAS (version 9.3; SAS Institute, Cary, NC). Two-tailed P < 0.05 was considered statistically significant. Choi
Results
General characteristics of patients and survival outcomes
In demographic characteristics, no significant difference was found between the group of loss to follow-up and the enrolled group except patient age. The mean age of the follow-up loss group (54.5 ± 11.8 years) was significantly higher than that of enrolled group (50.9 ± 10.4 years) (P = 0.003 the time of diagnosis was 50.9 years (range 26-80 years). Median recurrence-free survival was 58.9 months (range 4.0-99.6 months), and the median overall survival was 59.9 months (range 5.8-99.6 months). The shape of the annual recurrence hazard curve over time reveals the dynamics of recurrence (Fig. 2) . For clinico-pathologic variables (Table 1) , only HER-2 status significantly differed between early and late recurrence. The proportion of negative HER-2 tumors in early recurrence (70.2%) and positive HER-2 tumors in late recurrence (55.6%) was significantly higher (P = 0.018). For DCE-MRI features (Table 2) , adjacent vessel sign and whole-breast vascularity significantly differed between early and late recurrence. The proportion of adjacent vessel sign in early recurrence (70.2%) was higher than that in late recurrence (47.2%) (P = 0.034). The proportion of prominent increased whole-breast vascularity in early recurrence (31.9%) was higher than that of late recurrence (8.3%) (P = 0.033).
Recurrence-free survival analysis: univariate
Among the tested clinico-pathologic variables (Table 3) , stage III, T stage ≥ T2, N stage ≥ N2, ER negativity, PR negativity, Ki-67 positivity, histologic grade III, and nuclear grade III were significantly associated with overall recurrence. Regarding the time of recurrence, younger age, stage III, T stage ≥ T2, N stage ≥ N2, ER negativity, PR negativity, Ki-67 positivity, histologic grade III, and triple-negative cancer were significant predictors of early recurrence. T2 stage, HER-2 positivity, Ki-67 positivity, and nuclear grade III were significantly associated with late recurrence. Among the tested DCE-MRI features (Table 4) , moderate or marked BPE (hazard ratio [HR], 2.13; 95% confidence interval [CI], 1.35-3.37), rim enhancement (HR, 3.56; 95% CI, 2.27-5.60), and prominent increased ipsilateral whole-breast vascularity (HR, 4.44; 95% CI, 2.52-7.80) were significantly associated with overall recurrence. Longer TTP (HR, 0.40; 95% CI; 0.27-0.59) was protective against overall recurrence. Moderate or marked BPE, rim enhancement, higher E1, and shorter TTP were significantly associated with both early and late recurrence. Prominent increased ipsilateral whole-breast vascularity was significantly associated with early recurrence.
Recurrence-free survival analysis: multivariate
Among the clinico-pathologic variables tested (Table 5) , stage III, histologic grade III, and nuclear grade III were significantly associated with overall recurrence. For early recurrence, ER negativity had independent predictive power. For late recurrence, T2 stage and nuclear grade III had independent predictive power. Among the tested DCE-MRI features (Table 5) , prominent increased ipsilateral whole-breast vascularity showed the highest risk of overall (HR, 4.75; 95% CI, 2.54-8.91; P < 0.001) and early recurrence (HR, 2.86; 95% CI, 1.39-5.88; P = 0.004) (Fig. 3) . BPE and rim enhancement were significantly associated with overall and late recurrence (P < 0.05) (Fig. 4) . Shorter TTP was significantly associated with overall recurrence (P = 0.029) Numbers in parentheses are 95% confidence intervals. BPE = background parenchymal enhancement, DCE-MRI = dynamic contrast-enhanced magnetic resonance imaging, E1 = the initial enhancement percentage, E peak = peak enhancement percentage, SER = signal enhancement ratio, TTP = time to peak enhancement.
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In breast cancer recurrence, the AUC of DCE-MRI features were higher for early recurrence and overall recurrence and lower for late recurrence than that of clinico-pathologic variables. However, no significant differences were found (Table 6 ).
Discussion
In this study, we found that prominent increased ipsilateral whole-breast vascularity was associated with early breast cancer recurrence and that moderate or marked BPE and rim enhancement were associated with late recurrence in DCE-MRI. In predicting early, late, or overall recurrence, preoperative DCE-MRI features showed similar performance to clinicopathologic variables.
In general, vascular blood flow provides nutrients for tumor growth as well as a mechanism for hematogenous spread of malignant cells. It is unsurprising that tumor aggressiveness and breast cancer recurrence are critically dependent on tumor angiogenesis. [23] The prevalence of increased whole-breast vascularity associated with cancer in DCE-MRI may be due to reduced flow resistance in the tumor vessels, higher tumor metabolism, angiogenic stimulation of the whole breast, or a combination of these factors. In addition, a previous study reported that increased whole-breast vascularity was frequently present in patients with multifocal disease and large tumor size and in patients with metastatic disease in the axillary nodes, indicating poor prognosis. [24] Therefore, it can be hypothesized that increased vascular blood flow within a cancer-bearing breast may be a reflection of the growth and metastatic potential of a primary breast tumor, which can seed tumor cells into the peripheral blood, eventually increasing the probability of early recurrence.
Moderate or marked BPE was found to be a significant DCE-MRI feature predictive of late and overall recurrence in this study. BPE is due to increased T1 relaxation of tissue after gadolinium administration and the degree of BPE is directly associated with vascular supply and permeability. Additionally, parenchymal enhancement around a tumor on preoperative DCE-MRI may reflect the status of the microenvironment that is associated with cancer recurrence following breast-conserving treatment. [25] A relatively higher BPE around the breast cancer in the recurrence group indicates increased endothelial permeability that allows the contrast agent to move to and from vessels surrounding the tumor. [25] In other words, increased endothelial permeability results in a higher probability of direct interaction of breast cancer cells and vasculature, thereby facilitating tumor growth and metastasis. Although prominent increased whole-breast vascularity and BPE have similar mechanisms for breast cancer recurrence, BPE was associated with late recurrence, unlike prominent increased whole-breast vascularity, which was associated with early recurrence. Despite a recent surge in investigation of tumor angiogenesis, the effects of large-vessel angiogenesis, including whole-breast vascularity, remain largely unknown. One possibility is that angiogenic stimulation by breast cancer involves not only microvessels, but also larger vessels. More large-vessel angiogenesis might facilitate tumor growth and development of early breast cancer recurrence more effectively, with lower flow resistance than increased endothelial permeability of small vessels.
Rim enhancement on DCE-MRI was found to predict late and overall recurrence in this study. This MR feature is caused by a lower microvessel density within the tumor rather than an elevated microvessel density in the periphery of tumor. In addition, rim enhancement is correlated with tumor fibrosis and necrosis. [6] A central fibrotic focus in breast cancer that is correlated with rim enhancement is a marker of intratumoral hypoxia and its size is correlated with lower microvessel density within the tumor and higher histologic grade. [26] [27] [28] However, the relationship between microvessel density, intratumoral hypoxia, and late recurrence of breast cancer remains poorly understood. Several studies have shown a correlation between rim enhancement and rapid tumor growth, decreased tumor differentiation, and other poor prognostic features such as a higher histological grade, ER negativity, higher expression of Ki-67, and higher lymph node stage. [6, 7, 14, 19] Among these poor prognostic features, lymph node status is associated with late recurrence, as is rim enhancement on DCE-MRI. [8] Among the clinico-pathologic variables investigated in this study, ER-negativity was associated with early breast cancer recurrence, which is similar to what was found in a previous study reporting that ER-positivity conferred a significantly lower recurrence risk than ER-negativity in the 2-year follow-up period. [29] For late recurrence, we observed an independent association with T2 stage and high nuclear grade. In general, tumor size is a well-known important prognostic factor for recurrence. [10] Unlike T2 stage, however, the T3 stage was not independently associated with late recurrence in this study. This might be attributed to a small number of patients with T3 cancer. A previous study reported that high nuclear grade was associated with early metastasis, which is not consistent with our results. [30] However, the cut-off between early and late recurrence was 3.7 years in the previous study, which is different from the 2.5 years used in our study. If we consider this difference in cut-off time, our results are consistent with this previous study.
In terms of the performance in predicting breast cancer recurrence of DCE-MRI features and clinico-pathologic variables, there were no significant differences in the AUC between DCE-MRI features and clinico-pathologic variables for early, late, and overall recurrence (Table 6 ). In practice, the clinicopathologic variables associated with recurrence can only be 
Table 6
Area under the receiver operating characteristic curve based on selected DCE-MRI and clinico-pathologic variables.
Variables
Clinico-pathologic factors DCE-MRI features P obtained after surgery and are thus not useful for preoperative prediction of breast cancer recurrence. Although some clinicopathologic variables such as histologic grade or nuclear grade can be available even after core needle biopsy, there is still the issue of discordant results between core needle biopsy and surgical excision. However, DCE-MRI is a noninvasive imaging modality for preoperative evaluation of tumor characteristics and staging through tumor vascularity. Therefore, our results suggest that DCE-MRI features could be useful for preoperative prediction of early, late, and overall recurrence. This study has some limitations. First, this study included a small number of patients with breast cancer recurrence from a single institution. Therefore, our patients might not be representative of the general population. Second, this study was retrospective and the follow-up period was not long enough (median follow-up, 62.3 months), considering that the luminal subtype of breast cancer may recur even after 10 years. Third, 13% of the eligible 694 patients were lost to follow-up, which might have introduced bias. However, no significant difference was found between the group of loss to follow-up and the enrolled group in clinico-pathologic features except patient age. The age difference between 2 groups would be unlikely to affect the study results. Fourth, we did not evaluate the status of adjuvant hormonal therapy or adjuvant chemotherapy, which could have affected the recurrence period. Lastly, MR imaging was not scheduled according to the women's menstrual cycles, which could have affected the BPE. Although scheduling of screening MR imaging in the second week of a woman's menstrual cycle is routinely recommended to minimize the effect of BPE, diagnostic MR imaging for staging of breast cancer is usually performed regardless of the menstrual cycle.
In conclusion, prominent increased whole-breast vascularity for early recurrence and moderate or marked BPE and rim enhancement for late recurrence on DCE-MRI could be useful for preoperative prediction of early and late recurrences and to establish an appropriate follow-up protocol.
